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Abstract Relativistic electron ﬂux at geosynchronous orbit depends on enhancement and loss processes
driven by ultralow frequency (ULF) Pc5, chorus, and electromagnetic ion cyclotron (EMIC) waves, seed
electron ﬂux, magnetosphere compression, the “Dst effect,” and substorms, while solar wind inputs such as
velocity, number density, and interplanetary magnetic ﬁeld Bz drive these factors and thus correlate with ﬂux.
Distributed lag regression models show the time delay of highest inﬂuence of these factors on log10
high-energy electron ﬂux (0.7–7.8 MeV, Los Alamos National Laboratory satellites). Multiple regression with
an autoregressive term (ﬂux persistence) allows direct comparison of the magnitude of each effect while
controlling other correlated parameters. Flux enhancements due to ULF Pc5 and chorus waves are of equal
importance. The direct effect of substorms on high-energy electron ﬂux is strong, possibly
due to injection of high-energy electrons by the substorms themselves. Loss due to electromagnetic ion
cyclotron waves is less inﬂuential. Southward Bz shows only moderate inﬂuence when correlated processes
are accounted for. Adding covariate compression effects (pressure and interplanetary magnetic ﬁeld
magnitude) allows wave-driven enhancements to be more clearly seen. Seed electrons (270 keV) are most
inﬂuential at lower relativistic energies, showing that such a population must be available for acceleration.
However, they are not accelerated directly to the highest energies. Source electrons (31.7 keV) show no direct
inﬂuence when other factors are controlled. Their action appears to be indirect via the chorus waves they
generate. Determination of speciﬁc effects of each parameter when studied in combination will be more
helpful in furthering modeling work than studying them individually.
1. Introduction
The level of relativistic electron ﬂux in the radiation belts at geosynchronous orbit is the result of a balance
between enhancement and loss processes (Reeves et al., 2003). Increases in ﬂux may be due to energization
of lower-energy particles already present through wave-particle interactions. Decreases may also result from
wave activity driving precipitation into the atmosphere or transport by radial diffusion to higher L-shells and
subsequent escape through the magnetopause. In this study, through statistical techniques, we investigate
the relative importance and combined inﬂuence of ULF (ultralow frequency) Pc5, lower band VLF (very low fre-
quency) chorus, and EMIC (electromagnetic ion cyclotron) waves as well as the time scales of their action on
relativistic electron ﬂux at geosynchronous orbit. The processes described below are summarized in Figure 1.
1.1. ULF Pc5 Waves
ULF Pc5 waves (150–600 s; 2–7 mHz) are produced at the magnetopause as a result of velocity shear or solar
wind pressure ﬂuctuations (Takahashi & Ukhorskiy, 2007; Ukhorskiy et al., 2006), with less contribution from
internal sources such as instability of the magnetospheric plasma (Kessel, 2008; Liu et al., 2009). They can
migrate inward to lower L-shells and may accelerate electrons to relativistic energies via several proposed
mechanisms. For example, drift resonance interactions between seed electrons (in the hundreds of kiloelec-
tron volts range) and toroidal ULF Pc5 waves may transport and energize the electrons by inward radial diffu-
sion (Elkington et al., 1999; Falthammar, 1965; Hudson et al., 2000; Nakamura et al., 2002; Ukhorskiy et al.,
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2005), although it has been found that the available ULF Pc5 wave power necessary for this process drops off
rapidly at lower L-shells (Mathie & Mann, 2001) and may decay further while the radiation belts are reforming
following storms (Horne, Thorne, Shprits, et al., 2005). In addition, the peak of electron phase space density
occurs near L-shell 4–5, indicating local acceleration in that location rather than transport from higher
L-shells (Chen et al., 2006; Iles et al., 2006). Besides this, modeling has shown that the observed rates of
electron acceleration are faster than would be predicted by radial diffusion (Brautigam & Albert, 2000;
Shprits et al., 2006). This has led to doubts that radial diffusion processes are responsible for much of the
ﬂux increases in >1 MeV electrons at geosynchronous orbit (O’Brien et al., 2003; Horne, Thorne, Shprits,
et al., 2005). Compressional ULF Pc5 waves may energize electrons through transit time damping (Clausen
et al., 2011a; Li et al., 2005; Summers & Ma, 2000), and poloidal ULF Pc5 waves may also play a role via
magnetic pumping (Elkington et al., 2003; Liu et al., 1999; Ren et al., 2015; Shah et al., 2016). There may
also be nonresonant interactions with ULF Pc5 waves that accelerate electrons stochastically over shorter
time scales, which could provide more rapid acceleration of electrons by ULF Pc5 waves (Degeling et al.,
2013; Shah et al., 2015; Ukhorskiy et al., 2009).
Whichever ULF Pc5-driven processes are at work, however, observations do show that ULF Pc5 waves are
strongly correlated with ﬂux increases at geosynchronous orbit (Borovsky & Denton, 2014; Degtyarev et al.,
2009; H.-L. Lam, 2017; Mann et al., 2004; Mathie & Mann, 2000; O’Brien et al., 2003; Rostoker et al., 1998;
Simms et al., 2016; Su et al., 2015). This is true even when other correlated predictors (ground-observed
VLF waves, substorms, and solar wind parameters) are controlled for in a multiple regression analysis, show-
ing that the ULF Pc5 effect is not simply a statistical artifact of Pc5 waves increasing concurrently with other
physical parameters that are responsible for electron acceleration (Simms et al., 2014, 2016). In fact, in Simms
et al. (2016) the correlation with ULF Pc5 waves was quite a bit stronger than that with VLF waves, suggesting
that ULF Pc5 waves are the dominant wave driving electron acceleration. However, the ground-based VLF
wave power used in these previous studies (from Halley, Antarctica) is known to be attenuated by transiono-
spheric propagation, particularly during summer months (Simms et al., 2015; Smith et al., 2010). Thus, it may
not be a good proxy for space-based VLF chorus activity, and this may have given more apparent weight to
the ULF Pc5 inﬂuence.
It should be mentioned that ULF Pc5 waves are also predicted to result in relativistic electron loss at geosyn-
chronous orbit through outward radial diffusion during shock events (Brautigam & Albert, 2000; Degeling
et al., 2008; Hudson et al., 2014; Loto’aniu et al., 2010; Shprits et al., 2006; Ukhorskiy et al., 2009, 2015; Zong
et al., 2012).
1.2. VLF Chorus Waves
Cyclotron resonance of electrons with VLF chorus waves is another possible acceleration process (Bortnik &
Thorne, 2007; L. Li et al., 2005; Meredith et al., 2002; Summers et al., 1998; Summers et al., 2007; Thorne, 2010;
Figure 1. Summary of the drivers of enhancement and loss processes of relativistic energy electrons. Temporary effects are in gray text. ULF = ultralow frequency;
EMIC = electromagnetic ion cyclotron; SW = solar wind.
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Xiao et al., 2015). VLF Chorus is thought to originate from unstable distributions of electrons (several to
100 keV) injected from the plasma sheet during substorm activity (Meredith et al., 2001; W. Li et al., 2009;
Meredith, Cain, et al., 2003; Tsurutani & Smith, 1974; Rodger et al., 2016; Su et al., 2014), which follows
increased solar wind speeds (Lyons et al., 2005). As these VLF chorus waves can resonate with electrons of
many different energies, they could locally accelerate seed population electrons up to relativistic energies,
although this appears to be more likely under conditions of southward Bz (Miyoshi et al., 2013). It has been
postulated that these local acceleration processes (by both VLF chorus and ULF Pc5 waves) may be more
important than radial diffusion (Thorne, 2010).
Lower band VLF chorus waves (0.1–0.5 of the electron cyclotron frequency [fce]) are thought to interact more
effectively with energetic electrons than those in the upper band (Horne & Thorne, 1998; Meredith et al.,
2002). In case studies using either ground or satellite data, higher intensity of lower band VLF chorus waves
has been observed during periods of increasing relativistic electron ﬂux (Horne, Thorne, Glauert, et al., 2005;
Iles et al., 2006; Meredith et al., 2002, Meredith, Cain, et al., 2003; Miyoshi et al., 2003, 2007; O’Brien et al., 2003;
Spasojevic & Inan, 2005; Thorne et al., 2013; Turner et al., 2013, 2014). The intensiﬁcation of VLF waves during
the reforming of the radiation belts, when ULF Pc5 waves are simultaneously at their most monochromatic,
has led to the hypothesis that VLF waves must be the primary driver of electron acceleration (Baker et al.,
2004; Bortnik & Thorne, 2007; Horne, Thorne, Shprits, et al., 2005). Superposed epoch analyses also show
higher levels of VLF chorus/whistler waves occurring with increased ﬂux of energetic electrons (Smith
et al., 2004, Halley ground data; MacDonald et al., 2008, proxy based on hot plasma sheet electron population;
W. Li, Thorne, et al., 2014, proxy based on the ratio of the precipitated and trapped electron ﬂuxes,
30–100 keV), but in a correlation analysis >2 MeV electron ﬂux was found to be less associated with VLF
ground data than ULF Pc5 waves were (Simms et al., 2014, 2016). This lower correlation of chorus in the last
studies may be an indication that chorus waves not only accelerate electrons but also cause their precipita-
tion into the ionosphere through pitch angle scattering into the loss cone (Bortnik et al., 2006; Bortnik &
Thorne, 2007; Hendry et al., 2012; Hikishima et al., 2010; M. M. Lam et al., 2010; Lorentzen et al., 2001;
Millan & Thorne, 2007; Orlova & Shprits, 2010), particularly at higher latitudes (Horne & Thorne, 2003).
Oblique angled chorus waves could also reduce the seed electron population (Mourenas et al., 2016).
Thus, the sum effect of chorus on ﬂux levels, increases from acceleration and decreases from precipitation
and reducing the seed population, could be modest overall.
However, as mentioned in the previous section, the use of VLF ground data is problematic due to attenuation.
Proxy measures may also not be ideal. A proxy could introduce spurious correlations into the analysis if the
predicted variable (high-energy electron ﬂux) is also correlated with the basis of the proxy. For example, the
use of microburst precipitation data to infer VLF chorus activity confounds the direct measure of electron loss
(precipitation) with the process that supposedly drives the loss (the chorus activity; Lorentzen et al., 2001;
O’Brien et al., 2003, 2004). Thus, there is no independent means of verifying that VLF chorus correlates with
the precipitation that is being measured.
A better approach to answering the question of whether ULF Pc5 or VLF chorus waves are the more impor-
tant inﬂuence on ﬂux would use satellite VLF data instead of proxies or ground data. Although case studies
show VLF chorus contributing to both acceleration and loss individually (Turner et al., 2014), statistical corre-
lational studies of the overall effect of chorus on ﬂux using satellite data are scarce. We address this issue by
using VLF chorus wave observations from the DEMETER satellite (Berthelier et al., 2006) instead of ground VLF
data or the proxy microburst data.
1.3. EMIC Waves
EMIC Pc1 waves may cause precipitation of radiation belt electrons into the atmosphere through pitch angle
scattering (Albert, 2003; Clilverd et al., 2007, 2015; Engebretson et al., 2015; Rodger et al., 2015; Summers &
Thorne, 2003; Usanova et al., 2014). EMIC waves may be driven by a ring current pitch angle anisotropy
due to protons injected during storms and substorms (Jordanova et al., 2008). They are more likely to occur
during storms or periods of high solar wind pressure (Clausen et al., 2011b; Erlandson & Ukhorskiy, 2001;
Halford et al., 2015; Tetrick et al., 2017; Usanova et al., 2012), being somewhat more likely in the main phase
than recovery (Halford et al., 2010). Many are observed in quiet times as well (Saikin et al., 2016; Tetrick et al.,
2017). Storms with high EMIC activity (as measured by a plasma proxy based on measurements from the Los
Alamos National Laboratory [LANL] Magnetospheric Plasma Analyzer) show higher electron losses (Blum
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et al., 2009), and EMIC wave activity is often seen when precipitation is occurring (Blum et al., 2015; Gao et al.,
2015; Z. Li, Millan, et al., 2014; Miyoshi et al., 2008; Rodger et al., 2008; Turner et al., 2014). EMIC waves may
occur in both main phase and recovery (Fraser et al., 2010), but narrowband Pc1 waves are less likely to be
seen by ground magnetometers during the main phase. In theory, EMIC waves will only precipitate electrons
below 1–2 MeV in areas with high plasma density (Jordanova et al., 2008). Therefore, they would presumably
have more inﬂuence in reducing the measured ﬂux of ultrarelativistic electrons (>2 MeV). In agreement with
this, a strong energy dependence in electron depletion at L-shells > 5 has been found (Bortnik et al., 2006),
and the introduction of an EMIC parameter in the VERB model improves the model of these higher energy
electrons (Drozdov et al., 2017). However, Ukhorskiy et al. (2010) have calculated that EMIC waves should
be capable of scattering electrons with energies down to 400 keV, with observations showing that EMIC-
driven precipitation is quite common below 1MeV (Hendry et al., 2017). Additionally, broadband activity seen
during the main phase of geomagnetic storms may also precipitate electrons (Engebretson et al., 2008).
1.4. Other Causes of Electron Dropouts
There are other factors that could lead to temporary electron reductions or dropouts at geosynchronous
orbit. The “Dst effect” refers to the decrease in geosynchronous ﬂux seen in the main phase of storms when
the ring current increases and the magnetic ﬁeld strength is reduced (Kim & Chan, 1997; X. Li et al., 1997). As
particles move outward due to the weaker magnetic ﬁeld, their energy decreases adiabatically (Onsager et al.,
2002). A second adiabatic process is the localized stretching of the magnetic ﬁeld associated with substorms
and increased solar wind pressure (X. Li et al., 1997). This stretchingmay move the trapping boundary inward,
which results in dropouts of particle ﬂuxes observed by satellites situated in geosynchronous orbit (Onsager
et al., 2002). Compression of the magnetosphere due to solar wind pressure can be intense enough that geo-
synchronous satellites are temporarily left outside the magnetosheath and therefore cannot “see” the radia-
tion belt electrons (Dmitriev et al., 2014).
In addition, compression of the magnetosphere may allow trapped particles to cross the magnetopause and
be permanently lost through magnetopause shadowing (Herrera et al., 2016; Onsager et al., 2002; Yu et al.,
2013; Xiang et al., 2007). Although the adiabatic processes would allow ﬂux to return to its prestorm level
when conditions relax back to less disturbed levels, magnetopause shadowing results in permanent loss of
these particles. Simulations and satellite observations suggest that depletion due to movement of the
magnetopause may be considerable and can be induced by either pressure spikes or southward Bz
(Bortnik et al., 2006; Gao et al., 2015; Hudson et al., 2014; Morley et al., 2010; Turner et al., 2013; Turner
et al., 2014; Yu et al., 2013). However, ﬂuxes may also be enhanced when increased pressure and southward
Bz occur simultaneously (Ni et al., 2016) or when southward Bz is combined with higher solar wind number
density (Boynton et al., 2016). Magnetic shock events (increased interplanetary magnetic ﬁeld (IMF) magni-
tude: |B|) can produce electric ﬁelds that accelerate electrons (Foster et al., 2015), and compression itself
may lead to an electric ﬁeld impulse that causes inward electron transport (Halford et al., 2015). Thus, while
either pressure or the IMF could represent the degree to which magnetopause shadowing is occurring, these
variables may also result in enhancement of ﬂux.
1.5. Upstream Drivers of Wave Activity
Ultimately, the energy that drives the waves investigated in this study comes from the solar wind and the
interplanetary magnetic ﬁeld (IMF). ULF Pc5 waves are correlated with a variety of these external factors
(e.g., Claudepierre et al., 2008; Degeling et al., 2014; Mann et al., 2004; Paulikas & Blake, 1979; Simms et al.,
2014, 2010; Thorne, 2010; Ukhorskiy et al., 2006) and are thought to be responding to geomagnetic activity
driven by solar input (Cahill et al., 1990; Kepko & Spence, 2003; Tan et al., 2011; Walker, 1981). VLF chorus
waves may be excited by cyclotron resonance with anisotropic plasma sheet electrons (several kiloelectron
volts to 100 keV) injected during substorms (R. R. Anderson &Maeda, 1977; Hwang et al., 2007; Kissinger et al.,
2014; W. Li et al., 2013; Meredith et al., 2001; Meredith, Cain, et al., 2003; Rodger et al., 2016; Tsurutani & Smith,
1977; Turner et al., 2015) when the IMF is pointing southward (Miyoshi et al., 2013). Substorms and subse-
quent particle injections are themselves a result of increased solar wind driving (Lyons et al., 2005;
McPherron et al., 2009). EMIC waves are also correlated with increased geomagnetic activity driven by solar
wind conditions (B. J. Anderson & Hamilton, 1993; Erlandson & Ukhorskiy, 2001; Halford et al., 2010; Saikin
et al., 2016; Usanova et al., 2012). These external inﬂuences are themselves highly correlated with each other
(e.g., Borovsky, 2018). For this reason, various coupling factors have been proposed to model the transfer of
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energy between the solar wind and the magnetosphere (Newell et al., 2006). We brieﬂy explore two simpler
ones in this paper: vBs and Ey; however, the inclusion of these factors individually (V or Bz) in a single ana-
lysis (e.g., multiple regression) may preclude the addition of these coupling factors.
1.6. Substorm Inﬂuences
Substorms not only provide the so-called “source” electrons (several kiloelectron volts to 100 keV) whose
anisotropies drive VLF chorus wave intensiﬁcations, they also inject the seed electrons (several hundreds
of kiloelectron volts) that are accelerated to relativistic energies (Jaynes et al., 2015; Miyoshi et al., 2013;
Tang et al., 2017; Turner et al., 2014, 2015). Without this injection, there will be no electrons to accelerate
to high energies. Thus, substorm activity, and injection, is an essential element in increased high-energy elec-
tron ﬂuxes and no large ﬂux enhancements are seen when substorm and lower-band chorus activity are low
(Meredith, Cain, et al., 2003).
1.7. Analysis Approach
This balance between processes that accelerate electrons, those that provide the seed electrons, and those
that lead to loss or transport of high-energy electrons should be considered simultaneously when building
models of high-energy electron ﬂux levels. Simple correlations do not give an accurate description of the
effect of each on ﬂux because this type of analysis does not account for correlation between predictors
(Simms et al., 2014). Nor does correlation analysis give the relationship between variables, as it only provides
information on the amount of scatter around the underlying relationship. Linear regression analysis, on the
other hand, also gives the slope of the line describing the relationship between dependent and independent
variables, as well as information on how well that line ﬁts the data. An extension of linear regression is multi-
ple regression, in which more than one predictor variable can be used to predict the outcome variable. This is
a useful technique to apply when there are several possible predictors. The multiple regression analysis can
provide information on the relative inﬂuence of each parameter on the outcome, as well as correct for the
possible overlap in correlation that each predictor has with the dependent variable. Thus, multiple regression
gives us the independent contribution from each predictor relative to other predictors, corrected for its
possible association with other parameters (Neter et al., 1985).
Neural network analysis may be used to produce models similar to those obtained by regression (O’Brien &
McPherron, 2003); however, regression is better able to assess the relative inﬂuence of the explanatory
variables (reported via the regression coefﬁcients) on the modeled response variable. In addition, regression
is better suited to prediction of quantitative response variables (e.g., ﬂux) while neural networks model prob-
abilities of categorical responses. Regression analysis is also similar to the multicorrelation method used by
Borovsky (2017), which uses linear combinations of variables. However, the robustness of regression analysis
and its ability to produce models that represent the data well and without bias has been more thoroughly
explored as a standard technique of statistical analysis over many years. The multicorrelation of linear
combinations with the ﬁnal choice made by an “evolutionary” method is perhaps more properly classiﬁed
as a subset of regression selection techniques (e.g., backward elimination and stepwise regression, among
others). However, automatic selection techniques (neural network analysis may also be classiﬁed as such)
do have drawbacks in that the “best” selected model may have little relationship to physical processes
(Derksen & Keselman, 1992; Harrell, 2015). For this reason, we build our models “by hand,” considering ﬁrst
those physical processes that we believe have direct inﬂuences on electron levels (“internal” effects), sepa-
rately considering the drivers of these internal processes (“external” effects), and then comparing the inﬂu-
ences of both internal and external effects in the ﬁnal model.
Previous work using cross correlations has shown that ULF Pc5 waves are most effective at predicting relati-
vistic electron ﬂux 2–3 days later (Kozyreva et al., 2007; H.-L. Lam, 2017; Mann et al., 2004; Regi et al., 2015).
Solar wind velocity has its highest correlation with ﬂux at a 2-day lag (Boynton et al., 2013; Kozyreva et al.,
2007; Zhao et al., 2017), and substorms show their most inﬂuence on ﬂux at a 1- to 3-day lag (Forsyth
et al., 2016). However, as the level of these parameters in each time period is often highly correlated with their
level in nearby time periods, a comparison of simple correlations at each lag may hide important patterns.
High correlations between observations at successive time steps could give the impression that a predictor
acts over long periods of time; however, it may only be inﬂuential during one particular time step. A distrib-
uted lag regression model extends the multiple regression model to the case where many lags of the
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predictor variable are entered simultaneously (Almon, 1965). With this approach, we can determine if all lags
are important in predicting the dependent variable, or just a few.
However, one complication with using statistical analyses like regression on time series data is that correla-
tion between time steps of the dependent variable can inﬂate signiﬁcance tests. Each time step’s measure-
ment is not an independent observation. As electron ﬂux changes little from day to day, we must correct
for this problem by introducing previous day’s ﬂux as an autoregressive (AR) term (Simms et al., 2016).
Electron persistence has also been tested and compared to more complicated models developed with a
neural network procedure (O’Brien & McPherron, 2003) and incorporated into forecast models using solar
wind parameters as well as waves to predict ﬂux (Borovsky, 2017; Kellerman et al., 2013; Sakaguchi et al.,
2015; Ukhorskiy et al., 2004).
The regression equations we test have both distributed lag terms (the value of the predictor variable over
several time steps) as well as an AR term (the value of the electron ﬂux on the previous time step). For a single
predictor (Pred), with ﬂux measured at time t and all lags up to s included, the model is a linear equation:




where each b is a regression coefﬁcient: the b0 being a constant term, the bAR the coefﬁcient associated with
the autoregression of ﬂux on itself one time step earlier, and each bi the coefﬁcient associated with each time
step of the predictor. Adding to the complexity, each of the processes acting on ﬂux is associated with its own
drivers, some of which may account for a portion of the ﬂux response independently as well.
In our analyses, we ﬁrst perform distributed lag AR models using single variables to predict log10 relativistic
electron ﬂux. From this, we determine at which lags the predictors act most strongly. We then analyze three
wave types (ULF Pc5, VLF lower band chorus, and EMIC waves) at several lags in one regression model to
compare their relative inﬂuences. Following this, we add “upstream” parameters that are thought to drive
wave activity, several of which may be proxies for effects such as magnetopause shadowing.
2. Data and Methods
For the years 2005–2009, we use daily averaged log electron ﬂuxes from the LANL satellites in geosynchro-
nous orbit (Reeves et al., 2011). We use four energy channels of relativistic electrons measured by the
Energetic Spectrometer for Particles instrument (0.7–1.8, 1.8–3.5, 3.5–6.0, and 6.0–7.8 MeV; log10
[electrons/cm2 · s · sr · keV]) and two lower energy channels measured by the Synchronous Orbit
Particle Analyzer instrument (source electron ﬂux at 31.7 keV and seed electron ﬂux at 270 keV in the same
units as above). Daily averaged ULF Pc5 wave power was obtained from a ground-based ULF Pc5 index
covering local times 0500–1500 in the Pc5 range (2–7 mHz) obtained from magnetometers stationed at
60°N–70°N corrected geomagnetic latitude (Kozyreva et al., 2007). This index includes both ULF Pc5 waves
and turbulence in the ULF Pc5 range (Romanova et al., 2007). VLF lower band chorus (log10 [μV
2 · m2 · Hz])
daily averaged intensity (0.1–0.5 fce) was obtained from the Instrument Champ Electrique (ICE) on the
DEMETER satellite (Berthelier et al., 2006). As this was a low-Earth orbit satellite focused on low latitude
regions, most observations occurred in L-shells 1–4. We use L = 4 (4.0–4.99), the highest L-shell in which
there is good data coverage, averaged over the dayside passes of the satellite (LT 10:30). We use dayside
chorus because it is found over a broader range of latitudes than nightside chorus and is not as inﬂuenced
by geomagnetic activity (Tsurutani & Smith, 1977; W. Li et al., 2009; Thorne, 2010). All of these data sets
represent only a sample of overall global activity as satellites can only sample one small area of the mag-
netosphere at a time.
In addition, we obtained IMF Bz component, IMF magnetic ﬁeld magnitude |B|, Dst, and solar wind velocity
(V), number density (N), VBz (Ey: electric ﬁeld), and pressure from the Omniweb database. We use daily
averages of all but Bz for which we use the fraction of hours per day with southward Bz. We also calculated
VBs by multiplying the hourly average of V and Bz, setting negative (northward Bz) values to 0, and aver-
aging over each day.
EMIC wave power data were obtained from the induction coil magnetometer located at the Halley,
Antarctica, BAS ground station at L-shell 4.6. We use the number of hours per day at which there was high
10.1029/2017JA025002Journal of Geophysical Research: Space Physics
SIMMS ET AL. 3651
EMIC activity (>103 nT2 Hz) in the <1-Hz band. Only narrowband
activity was included. The use of only one ground station may mean
that we underestimate EMIC wave occurrence and its effectiveness
in our models (Keika et al., 2013; Saikin et al., 2015).
We use the number of substorms per day from the SuperMAG
substorm list (Gjerloev, 2012).
Analyses are performed for each of the four relativistic electron ﬂux
channels separately, using daily averages of the predictors. We use a
variety of techniques to explore the relationship between predictors
and relativistic electron ﬂux. Distributed lag models, which enter all
lags of a predictor into a multiple regression analysis, compare effects
of each lag while other lags are controlled for. Each lagged variable is
the predictor measured in the days preceding the ﬂux measurement.
We choose the most statistically signiﬁcant lags from 0 to 5 days to
use in multiple regression models including more than one predictor.
We consider two submodels. The ﬁrst is an internal effects model
including ULF Pc5, VLF chorus, and EMIC waves together with seed
electrons and Dst. We include lag 0 solar wind pressure and |B| as
covariates to account for magnetopause shadowing and possibly for
the compression of the radiation belts below the geosynchronous
altitude of the LANL satellites. “Lag 0” measures predictors on the
same day as the high-energy electron ﬂux. The second submodel is
an external effects model including Bz, V, substorms, and source electrons, as well as three lags (0–2 days)
of pressure and |B|, all of which are thought to drive the wave activity or seed electron ﬂuxes. Finally, we per-
form several regressionmodels including all variables (except N) using (a) pressure, |B|, and Dst at lag 0 (repre-
senting compression and the Dst effect), and other variables at lag 1 day, and (b) using the strongest lag of
each variable at each energy level from the submodels. We report the standardized regression coefﬁcients in
the ﬁgures to compare magnitude of effects. The unstandardized coefﬁcients are dependent on measure-
ment scales of the predictors and therefore cannot be compared directly. The unstandardized coefﬁcients,
however, could be used to predict ﬂux from a different dataset (Simms et al., 2014, 2016). We report these
for use in future data-driven modeling efforts (Table 1). Statistically signiﬁcant regression coefﬁcients (p
value < 0.05) are generally represented as dark bars in the ﬁgures (the exception being Figure 2).
Statistically signiﬁcant effects at this p value (<0.05) mean that we have conﬁdence that there is an actual
association between the variables. Nonsigniﬁcant results (>0.05) mean we do not have evidence for correla-
tion between parameters. The p value gives the probability that the null hypothesis is true (i.e., no associa-
tion) given the distribution of the data. Thus, a low p value gives us reason to reject the null hypothesis
and accept that there is an association between variables (Neter et al., 1985). The setting of 0.05 as the arbi-
trary level for statistical signiﬁcance is well established (e.g., Cowles and Davis, 1982, for a
historical perspective).
The addition of several correlated predictors to a regression model can result in high multicollinearity among
the variables, which increases variance of the regression coefﬁcients. This increased variance may be proble-
matic as it makes the coefﬁcients unstable and therefore harder to interpret. For this reason, we check the
variance inﬂation factor (VIF) statistic for each regression. A VIF = 1 means the predictor variables are not
at all correlated, while VIF > 10 suggests that the issues may be severe enough to require correction
(Neter et al., 1985). For all parameters in all models presented, VIFs are less than 10 except for the lag 1 of solar
wind velocity (V) in the external effects model, which was 13. This suggests that interpretations of the solar
wind velocity correlations are less certain when many lags of V are included. When only one lag is chosen,
we avoid this problem. In the multivariable models, Ey, and VBs were dropped from the analyses because
of multicollinearity. When either Ey or VBs were included, V had VIF values greater than 20. Similarly, the
strong interdependence of N with pressure resulted in VIF values of both N and pressure being greater than
20. For this reason, we include both N and P only in the ﬁnal model, with N and P at different lags.
Statistical analyses were performed in IBM SPSS Statistics, IDL, and MATLAB.
Table 1
Unstandardized Regression Coefﬁcients From Multiple Regressions for Each of Four
Energy Channels for Models of Figure 5 (See Figure for Standardized Coefﬁcients)
Predictor 0.7–1.8 MeV 1.8–3.5 MeV 3.5–6.0 MeV 6.0–7.8 MeV
Constant 0.2728254 0.4030948* 0.4691164* 0.0611605
Pressure 0.0228033* 0.0310316* 0.0613575* 0.0255279*
|B| 0.0321384* 0.0357031* 0.0176730* 0.0079075*
Dst 0.0013783 0.0011421 0.0021548* 0.0000890
Bz 0.0000013 0.0002284 0.0002250 0.0006029*
N 0.0011050 0.0114411* 0.0102755* 0.0008994
V 0.0001995 0.0003322 0.0002628 0.0003143*
Substorms 0.0017459 0.0051601 0.0181378* 0.0096554*
Source electrons 0.0043594 0.0289915 0.0542447 0.0574846*
ULF Pc5 0.0047903* 0.0062157* 0.0035429* 0.0002297
Chorus 0.0807329* 0.1138711* 0.0939481* 0.0293270*
EMIC 0.0056024 0.0069559 0.0162118* 0.0049493*
Seed electrons 0.1919567* 0.1572711* 0.0731433* 0.0217932
Log high energy
electron ﬂux (AR)
0.7221844* 0.7359866* 0.8907230* 0.7935746*
R2 0.884 0.892 0.905 0.817
Correlation 0.940 0.944 0.951 0.904
Note. These unstandardized coefﬁcients could be used in a modiﬁed version of
equation (2) to predict relativistic electron. ULF = ultralow frequency;
EMIC = electromagnetic ion cyclotron; AR = autoregressive.
*Signiﬁcant effect at p < 0.05.
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3. Results
3.1. Distributed Lag Models
Due to high correlations between lags of a single predictor, simple cross correlations may attribute more
inﬂuence to each lag than is valid. To determine which lags are most important, we perform a series of
distributed lag models in which all lags of a given predictor are analyzed simultaneously. Following this,
we also introduce an autoregressive (AR) term to account for the high persistence of electron ﬂux.
Figure 2. Distributed lag regression models for individual predictors. Lags 0–5 in combination are used to predict relativistic electron ﬂux. Each bar gives the
regression coefﬁcient for that particular lag. Bars with black outlines are autoregressive models where lag 1 ﬂux is added as a predictor. Bars outlined in gray do not
include the autoregressive term. ULF = ultralow frequency; EMIC = electromagnetic ion cyclotron.
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Single-parameter distributed lag models, where lags 0–5 are entered in one multiple regression model but
there is no AR term, show similar patterns to cross correlations found in previous studies (Figure 2, light gray
bars). Bar heights show the regression coefﬁcients (not correlations). Peak inﬂuence in these non-AR models
is at lags 1–2 days but the fall off over time is slow. This is likely to be due to the persistence of relativistic
electrons. A predictor at lag 5 days, for example, may have acted on ﬂux 5 days previous. That action is still
being seen because once electrons are accelerated, they tend to remain at that energy in the radiation belts.
When the AR term is introduced (Figure 2, bars outlined in black), the response changes markedly. Peak inﬂu-
ence for most parameters is then at lag 0–1 days and inﬂuence drops off dramatically at longer lags. Where all
lags of a predictor are entered simultaneously into a multiple regression model (and the AR ﬂux term is
added), ULF Pc5, VLF chorus, number of substorms, and solar wind velocity all correlate positively with all ﬂux
channels at lag 1 (predictor measured 1 day previous to ﬂux; letter a), although solar wind velocity (V) shows a
negative effect at lag 2 (b). Many parameters show a negative inﬂuence on ﬂux at lag 0 (nowcast). Lag 2 ULF
Pc5 and VLF chorus are more modestly correlated with ﬂux (c), although the lag 2 days inﬂuence grows as the
lag 1 day inﬂuence drops at the higher ﬂux energies (3.5–6.0 and 6.0–7.8 MeV, d), suggesting that it takes an
extra day for these mechanisms to produce higher-energy electrons. However, the inﬂuences of further lags
drop off much more quickly than they do in simple cross correlations. Pressure, |B|, and number density all
show a strong negative effect at lag 0 (presumably due to compression, e) with positive correlation at lags
1 and/or 2 (f). Dst shows a strong negative effect at lag 1 (g), suggesting the action of magnetopause shadow-
ing. However, as will be shown later, this appears not to be the case. The inﬂuence of the electric ﬁeld
(Ey = V × Bz) is very similar to the inﬂuence of Bz alone.
For the single-predictor, multiple lag regressions of Figure 2, all VIF are less than 3, except for the solar wind
velocity (V) regression where VIF is <10 for all lags. This suggests that interpretations of the V regression are
less certain, but the variance inﬂation caused by the high correlation of Vwith itself on subsequent days is not
high enough to warrant correction.
3.2. Multivariable Regression Models
We further investigate the relative inﬂuence of variables by analyzing models with several variables included
at a time. This allows a comparison of relative strength of inﬂuence, as well as the determination whether cer-
tain variables only show correlations with ﬂux because of their association with other variables.
For these analyses, we limit lags to 0–2 as lags > 2 in the single-variable distributed lag models were less
important. We break the variables into two sets: internal and external effects. The internal effects are those
parameters thought to have a direct effect on ﬂux, the wave activity (ULF Pc5, VLF chorus, and EMIC), avail-
ability of seed electrons, Dst (acting through the Dst effect), and solar wind pressure and |B| (which are
thought to compress the radiation belts inside the orbit of geosynchronous satellites leading to lower
observed ﬂux). External effects are the parameters thought to act indirectly by modulating the internal
effects. These include Bz and solar wind velocity and number density (V and N), which introduce driving
energy into the magnetosphere, as well as substorms that are dependent on these parameters and may
mediate the conversion of this driving energy into wave activity. Models that included pressure, Ey, or
VBs together with N, V, or Bz resulted in high multicollinearity between the variables. We therefore did
not include Ey orVBs in these models, and only included pressure when N and Vwere not present, or when
it was at a different lag from N and V.
3.2.1. Internal Effects Predictor Set
First, we compare effects of internal predictors—those processes that are thought to inﬂuence ﬂux directly.
This includes the three wave types (ULF Pc5, VLF chorus, and EMIC) as well as the available seed electrons
(Figure 3) at lags 0–2 (s), as well as pressure and |B| at lag 0 (t) to represent the compression of the magneto-
sphere. This AR, distributed lag model can be represented as











The standardized regression coefﬁcients show that ULF Pc5 wave activity increases ﬂux on the same day (lag
0) with less effect on the next day (lag 1; dark gray bars are statistically signiﬁcant effects). At a 2-day lag, only
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the highest-energy channel shows a signiﬁcant increase in ﬂux associated
with ULF Pc5 (a). VLF chorus waves increase ﬂux on the same day at the
lowest three energies (b), and act positively at all energies at lag 1 (c).
Chorus shows no signiﬁcant inﬂuence on ﬂux at lag 2; the effects of VLF
chorus do not appear to build up over time to the same extent that the
ULF Pc5 effect does. The magnitude of the ULF Pc5 and chorus inﬂuences
are similar, although ULF Pc 5 dominates on lag 0 day. Conversely, EMIC
waves are most negatively inﬂuential at lag 1 (d), with their strongest
effects at the higher-energy levels (e). Their effect is lower in magnitude
than ULF Pc5 or VLF chorus. Seed electron ﬂux is most inﬂuential at the
lower energy channels, with lag 0 being most important at the lowest
energy (f), the lag 1 inﬂuence rising in importance (g), then seed ﬂux losing
inﬂuence entirely at the highest energy channel (h).
The negative pressure effect at lag 0 (the compression effect) is similar for
all energies, although |B| inﬂuence drops off slightly at the highest ener-
gies. The Dst effect, in which particles lose energy and are lost as they
move outward when the ring current reduces the magnetic ﬁeld, appears
to act immediately at lag 0 (i) with some inﬂuence at lag 2 days (j). The
positive coefﬁcient at these lags (0 and 2) means that higher ﬂux occurs
with a weaker Dst, lower ﬂux with a stronger Dst, as would be predicted
if a stronger ring current leads to adiabatic electron loss. When the Dst is
stronger (more negative), the magnetic ﬁeld is weaker (due to the stronger
ring current), and electron energy is reduced. The negative effect of Dst at
lag 1 (k) indicates that a stronger (more negative) Dst leads to increased
ﬂux. This would contradict the prediction made by the Dst effect; however,
it may be explained as an artifact of Dst’s correlation with other processes
that raise ﬂux levels at this lag. The lag 0 Dst effect is less visible in Figure 2
than in Figure 3. It appears to be more visible when other variables are
accounted for as they are in Figure 3.
At lag 1 and 2, the regression coefﬁcients of ULF Pc5, VLF chorus, and EMIC
waves and seed electron ﬂux are similar in direction but with magnitudes
about 1/3–1/2 of those seen in the single-predictor distributed lag models
of Figure 2. This indicates that some of the effect of each seen in the single-
variable model is actually due to these other correlated factors. The
pressure and |B| coefﬁcients are nearly the same in both the single-variable
models and these combined models. Thus, the effect of compression is
independent of the other variables at geostationary orbit. The negative
effects of ULF Pc5 and VLF chorus at lag 0 seen in the single-variable
distributed lag models (Figure 2) but not in this internal effects combined
model (Figure 3) are likely the result of this compression, which has now
been accounted for by adding pressure and IMF magnitude (|B|) to
the model.
The AR component (lag 1 of relativistic electron ﬂux) was also included in
these Figure 3 models but is not shown in the ﬁgures. Its standardized
regression coefﬁcient varied from 0.797–0.920.
The fraction of variability in the data explained by a model can be measured by R2 (the coefﬁcient of
determination or prediction efﬁciency). This is roughly equivalent to the square of the correlation coefﬁ-
cient in simple regression and can be used to compare models (R2 ranges from 0 to a high of 1). For these
internal effects models the R2 values were: 0.901 (0.7–1.8 MeV), 0.901 (1.8–3.5 MeV), 0.916 (3.5–6.0 MeV),
and 0.810 (6.0–7.8 MeV). The square roots of these (comparable to correlations) were 0.95, 0.95, 0.96,
and 0.90. Even without the introduction of external effects, the correlations of these distributed lag AR
models are high.
Figure 3. Standardized regression coefﬁcients of the combined analyses of
internal effects: ULF Pc5, chorus, and electromagnetic ion cyclotron (EMIC)
waves, seed electron ﬂux (270 keV), and Dst at lags 0–2; pressure and |B| at
lag 0. Statistically signiﬁcant terms are shown in dark gray. The autoregres-
sive component (lag 1 of relativistic electron ﬂux) was also included in these
models but is not shown in the ﬁgures. Its standardized regression coefﬁcient
varied from 0.792 to 0.921. R2 are 0.899, 0.901, 0.916, and 0.810 for the
four energy channels (0.7–1.8, 1.8–3.5, 3.5–6.0, and 6.0–7.8, respectively). The
square root of these (corresponding to a correlation coefﬁcient) are 0.948,
0.950, 0.957, and 0.900.
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3.2.2. External Effects Predictor Set
A similar analysis for external effects (Bz, |B|, V, N, substorms, and source
electron ﬂux, 31.7 keV) is shown in Figure 4. Bz (percent of hours which
are below 0 in a 24-hr period) is less inﬂuential than the other parameters,
but this may be due to the use of hourly averages. The hourly averages
may miss the strong and quick southward turns that are thought to inﬂu-
ence ﬂux. Compared to the other solar wind parameters (V and N), Bz
shows only a moderate inﬂuence at lag 0. However, this is not evidence
of magnetopause shadowing (a direct effect) as the inﬂuence is positive.
The positive correlation means that more southward Bz increases ﬂux
instead of decreasing it as would be predicted by the magnetopause
shadowing hypothesis.
The anticipated negative effect is instead seen in the N and |B| regression
coefﬁcients as the arrival of the shock compresses the radiation belts. V is
most strongly correlated with ﬂux at lag 1. Correlations of V and Nwith ﬂux
are presumably the result of these parameters driving other processes
such as wave generation or intermediaries such as substorms or source
electrons. Of these intermediate processes, substorms are more inﬂuential
than source electron ﬂux. The intermediate substorm effect, however, is
generally lower than that of V itself. This suggests that the direct driving
of internal effects (wave activity) by V is at least as important as the driving
through intermediaries such as substorms.
Initially, we included either the VBs coupling function or the solar wind
electric ﬁeld (Ey) in these external effects models. However, the VIF of V
was>20 in these models, suggesting severe problems of multicollinearity.
Multicollinearity was also high when pressure was included. With pressure
(a multiplicative factor of N and V) in the model, VIFs of N, V, and pressure
were all >10.
The fraction of variation explained by these external effects models was
similar to that of the internal effects models: 0.886, 0.895, 0.903, and
0.808 for the four energies, respectively. This would correspond to correla-
tions of 0.94, 0.95, 0.95, and 0.90. Either internal or external effects models,
therefore, would provide a similar ﬁt to the data.
Our initial attempt to add Ey and VBs to the external effects models,
which resulted in high multicollinearity, did not result in higher R2 (coef-
ﬁcient of determination; see above). The R2 of the AR external effects
models without Ey or VBs ranged from 0.808 to 0.903. When either
VBs or Ey were added to the models, the R2 increased, at most, by
0.001. When we replaced V by either VBs or Ey, the R2 dropped to
0.807–0.897 (a drop of 0.001–0.010). Similarly, adding pressure to the
external effects models (in addition to N and V) resulted in at most a
0.006 increase in R2. Substituting pressure for N and V resulted in an
R2 of 0.805–0.897, a drop of 0.003–0.010. Thus, the parameters derived
from other parameters (Ey, VBs, and pressure) have somewhat less
explanatory value than the measured parameters of V, N, and Bz. Additionally, adding these terms derived
by multiplying V, N, or Bz results in models with multicollinearity problems. Multiplicative coupling func-
tions such as these postulate a synergistic effect of the measured variables. Pressure, for example, would
describe the response of ﬂux to a multiplicative interaction between V and N, while including only V and N
in the model describes an additive response of ﬂux to the two variables. We explore these relationships
further in the companion paper, but in a model with fewer variables and lags so as to reduce
multicollinearity problems.
Figure 4. Standardized regression coefﬁcients of the combined analyses of
external effects: % hr/day of Bz < 0, V, pressure, and |B| with intermediaries
substorms and source electron ﬂux. Statistically signiﬁcant terms (p < 0.05)
are shown in dark gray. The autoregressive component (lag 1 of relativistic
electron ﬂux) was also included in these models but is not shown in the
ﬁgures. Its standardized regression coefﬁcient varied from 0.750 to 0.907.
R2 are 0.886, 0.895, 0.903, and 0.808 for the four energy channels (0.7–1.8,
1.8–3.5, 3.5–6.0, and 6.0–7.8, respectively). The square root of these
(corresponding to a correlation coefﬁcient) are 0.941, 0.946, 0.950, and 0.899.
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3.2.3. All Parameter Regression
The analyses presented in Figures 3 and 4 presume that either the set of waves and seed electrons or that the
set of solar wind parameters, substorms, and source electrons can be used independently to predict high-
energy electron ﬂux. This may be true if solar wind parameters transfer all the necessary energy to the waves
and seed electrons, which then drive the high-energy electron ﬂux. However, solar wind parameters,
substorms, and source electrons may drive more than the processes we study here. This can be tested by
including all parameters in the same regression model. This will test what effect each variable has on its
own, uncoupled from correlations with the other drivers of ﬂux. The standardized regression coefﬁcients of
this model allow us to compare the magnitude of effects (Figure 5).
We use lag 0 pressure and |B| as measures of the compression, as well as lag 0 Dst because it showed themost
Dst effect in Figure 3. We test the lag 1 of all the other variables. Again, we use an AR term (lag 1 log10 ﬂux),
but this is not shown in the ﬁgure. Its standardized regression coefﬁcient was between 0.724 and 0.892. The
R2 of these models for the four energy channels ranged from 0.817 to 0.905, with the square root of the R2
(corresponding to a correlation coefﬁcient) therefore ranging from 0.90 to 0.95.
Pressure and |B| at lag 0 retain their strong inﬂuence in these full models, indicating that the temporary reduc-
tion in ﬂux measurements that may be due to compression of the radiation belts below the satellites is
present at all energy levels, no matter what other explanatory variables are in the model. However, the nega-
tive effect of pressure at lag 0 may also include the signature of magnetopause shadowing. We cannot tell if
the effect is due to temporary compression of the magnetosphere or if it is more permanent electron loss due
to magnetopause shadowing.
The Dst effect (Dst at lag 0, thought to be associated with the temporary adiabatic loss of energy in the
electrons) loses most of its inﬂuence in the full parameter model of Figure 5. It is a signiﬁcant factor at
only one energy level, where it shows less than half the effect of compression. (The Dst coefﬁcients,
reﬂecting lower ﬂux levels, are positive because stronger [negative] Dst results in lower ﬂux.) The Dst
effect, therefore, does not appear to be a major inﬂuence on ﬂux levels. Thus, the evidence for the action
of the Dst effect is weak.
Bz, N, and substorms show similar effects in the full model to those shown in the external effects only model,
although the V inﬂuence is not signiﬁcant at the lower three energies. The Bz still has less inﬂuence than other
variables, substorms still show a strong positive effect, and N shows a negative effect. That substorms
continue to correlate with relativistic electron ﬂux suggests that there are further processes they drive that
accelerate or transport electrons into geosynchronous orbit.
Source electron ﬂux in the full model only shows a signiﬁcant negative effect at the highest energy. As we
include VLF chorus in this model, which is driven by source electrons, the source electron effect seen in
the external effects model (Figure 4) may be completely due to chorus waves driven by the source electrons.
Figure 5. Standardized regression coefﬁcients from multiple regression for each of four energy channels with all predictors: Lag 0 pressure, |B|, and Dst; lag 1 Bz, V,
substorms, source electron ﬂux, ULF Pc5, chorus, and electromagnetic ion cyclotron (EMIC) wave activity; seed electron ﬂux. Lag 1 log relativistic electron ﬂux is
included as an autoregressive term (not shown in ﬁgure). Dark gray bars show signiﬁcant effects (p < 0.05). Regression coefﬁcients for the autoregressive term
ranged from 0.724 to 0.892. Unstandardized regression coefﬁcients and fraction of variation explained by the model (the R2 or prediction efﬁciency) are given in
Table 1 for this model, along with the square root of the R2, which is equivalent to a correlation coefﬁcient.
10.1029/2017JA025002Journal of Geophysical Research: Space Physics
SIMMS ET AL. 3657
ULF Pc5 and VLF chorus again show similar magnitudes of effect at the three lower energy channels.
Although ULF Pc5 shows a strong inﬂuence in the internal effects model at the highest energy channel, in
the full regression model its inﬂuence drops close to zero. The introduction of Bz, V, and substorms into
the full model may explain this loss of inﬂuence, as this is the energy at which these three parameters
show the most inﬂuence. This would imply that the stronger correlation of ULF Pc5 with the highest-energy
ﬂux in the internal effects model is a spurious correlation related to some other process, which is driven by Bz,
V, and substorms, but which is also highly correlated with ULF Pc5 waves.
The negative EMIC effect increases in inﬂuence at higher electron energies. Seed electron ﬂux is still strongly
inﬂuential on the lower energy channels but now shows a negative impact at the higher energy levels.
Unstandardized regression coefﬁcients for the model of Figure 5 are reported in Table 1. The unstandardized
coefﬁcients could be used in a model to predict ﬂux levels in a novel data set (e.g., see equation (2)). The frac-
tion of variation explained by the model (R2 or prediction efﬁciency), its square root (correlation), and the
effect of the AR term (relativistic electron ﬂux at lag 1) are also reported.
4. Discussion
There are a variety of proposed mechanisms for acceleration, transport, and loss of relativistic electrons at
geosynchronous orbit (Figure 1). Using multiple regression analysis, we have presented a comparison of
the strength of several of these proposed processes by investigating the relationship between ﬂux and the
combined action of wave activity, pressure, solar wind velocity and number density, magnetic ﬁeld strength,
substorms, and the presence of lower energy electrons. As we analyze these in combination, their relative
inﬂuences can be directly compared. Our analyses also assess the time scale over which each of these drivers
operate, giving insight into whether short or long-actingmechanisms are responsible for observed ﬂux levels.
Because each predictor of relativistic electron ﬂux is correlated with itself from one day to the next, and
because the high persistence of ﬂux means that an action by a driver on a previous day will have long lasting
effects, a simple cross correlation analysis may not single out the times at which a predictor’s action is high-
est. Adding an AR term (ﬂux 1 day previous) was even more effective at unmasking the most inﬂuential lags
of predictors. The high persistence of ﬂux gives the impression that drivers act over many days, but this is an
illusion based on the fact that ﬂux levels can remain fairly constant after the initial acceleration. The introduc-
tion of the AR term restricts the action of a variable to immediate effects. An additional reason for including
the AR term is that a regression model with high autocorrelation in the dependent variable may lead to unre-
liable statistical tests. The AR term eliminates this problem. An AR-distributed lag model, which is able to ana-
lyze each lag separately by combining them into one analysis and account for the persistence of ﬂux, shows
that parameter effects are limited, for the most part, to 1–2 days.
Predictors are also correlated with each other and an apparent inﬂuence of one variable may only be due to
its correlation with another that is the actual driver. Simple correlation includes all these effects in a single
number and is thus not very useful at determining which parameter, at which lag, is most inﬂuential.
Separating lags in the distributed lag models and then separating variables in the combined regression gives
the action of each predictor independent of the others and independent of itself at different lags. By using
standardized regression coefﬁcients, we can compare the strength of effects between parameters despite
different measurement scales.
We attempted, in a preliminary investigation, to use rough time-integrated variables as predictors (i.e., aver-
aging over different numbers of days). We did discover that correlations of these averages (“integrated
values”) were higher with high-energy ﬂux; however, this method resulted in a loss of information about
which time lag was most important and therefore which physical processes might be most important.
Although this method has been used previously to create models of the relationship betweenmany variables
and ﬂux (Borovsky, 2017; Borovsky & Denton, 2014), we were able to acquire more precise information about
the timing of effects with distributed lag models.
We analyzed internal effects using only lags 0–2 (current day to 2 days previous—the most signiﬁcant lags in
the single-variable models). In this model, ULF Pc5 and VLF chorus waves are hypothesized to accelerate seed
electrons, while EMIC wave activity decreases ﬂux through precipitation. Pressure and |B| at lag 0 are added as
covariates to account for the temporary drop in observed ﬂux due to the compression of the radiation belts
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inside the orbits of the geosynchronous satellites. The Dst effect, where electrons temporarily lose energy
adiabatically due to a weaker magnetic ﬁeld (Kim & Chan, 1997; X. Li et al., 1997; Onsager et al., 2002) is tested
by introducing Dst as a term. All entered variables showed some inﬂuence on ﬂux at least one time lag and
energy level, demonstrating that each has an independent inﬂuence.
External effects (solar wind velocity, pressure, hours of southward Bz, and average |B|) were tested to deter-
mine how the introduction of energy into the magnetosphere correlates with ﬂux. The presumed action of
these factors is to increase wave activity either directly (e.g., ULF Pc5 waves by the Kelvin-Helmholtz instabil-
ity; Claudepierre et al., 2008) or indirectly (e.g., via enhanced substorm activity, which injects source electrons
which subsequently drive VLF chorus waves; Meredith et al., 2001; Meredith, Cain, et al., 2003; Tsurutani &
Smith, 1974; L. Y. Li et al., 2009).
The fractions of variation in the data explained (R2) by the separate internal and external effects models were
similar to each other, ranging from 0.808 to 0.918 (correlation of 0.90–0.96), with the lowest predictive ability
from the highest energy ﬂux model. If the goal is merely to provide a reasonably accurate predictive model,
either the internal or the external effects models would be excellent candidates. However, the internal effects
models presumably give us more information about the physical drivers of ﬂux.
In our ﬁnal models, we included all internal and external effect predictor sets, as well as intermediary
substorms and source electrons, to more completely study the relative inﬂuences of each. We presented a
model with adiabatic/compression effects at lag 0 and other effects at lag 1 day. The R2 of these full models
ranged from 0.817 to 0.905, the lowest being that for the highest energy electrons (correlations ranged from
0.90 to 0.95). The correlation of the full model was not much higher than that of the internal effects alone
models. There would therefore be little reason to use the full model for prediction, but we can derive more
information about the relative importance of parameters from combining internal and external effects in
one model.
4.1. Effects of Waves and Seed Electrons: Internal Effect Predictor Set
4.1.1. ULF Pc5 and VLF Chorus Enhancement of Flux
In previous studies, cross correlations of ULF Pc5 waves with relativistic electron ﬂux give the impression that
ULF Pc5 waves have their most inﬂuence on relativistic electron ﬂux at a lag of 2–3 days. (Kozyreva et al., 2007;
H.-L. Lam, 2017; Mann et al., 2004; Regi et al., 2015). This would imply that ULF Pc5 waves drive acceleration
most effectively through long-term processes such as radial diffusion. However, in our single-predictor
distributed lag AR models, the ULF Pc5 is markedly more inﬂuential at lag 1 (lagged by 1 day) over the other
lags. Analyzing the effects of all lags in combination, instead of individually as in cross correlation, shifts the
inﬂuence toward lag 1, but adding the AR term (electron ﬂux on the previous day) is even more inﬂuential at
centering the ULF Pc5 effect at lag 1. (The light gray bars of Figure 2 show the distributed lag models without
the AR term; the darker bars show the analysis with the AR term added.)
However, although ULF Pc5 waves show a negative effect at lag 0 in the single-factor distributed lag models,
this disappears when pressure and |B| are added in the combined, internal effects model. The high correlation
of ULF Pc5 with compressionmakes it appear these waves are reducing ﬂux in the single-factor models, when
it is the hidden variable (compression) that is the actual cause. When the compression reduction is accounted
for in the combined model, the positive effects of these waves at lag 0 can be seen. The lower inﬂuence of
lags 1 and 2 in this combined internal effects model leads to the conclusion that radial diffusion is not the
primary action of ULF Pc5 waves, at least at the lower energies. The increased effect of the later lags at the
highest-energy level could indicate that radial diffusion is more important at higher energies or that short-
term acceleration processes continue over time, with electrons ﬁrst being accelerated into the lower-energy
ranges and from there to the highest ones. ULF Pc5 waves may drive more than one growth process: short
acting acceleration whose effects appear at lag 0 (e.g., nonresonant interactions, Degeling et al., 2013;
Shah et al., 2015; Ukhorskiy et al., 2009, or magnetic pumping, Liu et al., 1999) and a longer-acting process
that increases ﬂux a day or two later (e.g., radial diffusion, Elkington et al., 1999; Falthammar, 1965; Hudson
et al., 2000; Nakamura et al., 2002; Ukhorskiy et al., 2005). There is little evidence for effects beyond this
time scale.
We have seen only evidence of ﬂux enhancement by ULF Pc5 waves, although they are predicted to also
contribute to electron loss via outward radial diffusion during shock events (Brautigam & Albert, 2000;
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Degeling et al., 2008; Hudson et al., 2014; Loto’aniu et al., 2010; Shprits et al., 2006; Ukhorskiy et al., 2009; Zong
et al., 2012). If ULF Pc5 waves are contributing to loss, this effect is overshadowed by the growth processes in
the linear models.
VLF chorus waves also show changes in inﬂuence as the model is reﬁned. Cross correlations give the impres-
sion that chorus is most inﬂuential at lag 2 or 3, but the distributed lag model brings the strongest chorus
inﬂuence to lag 1 with the AR term making this difference even more dramatic. The negative effect at lag
0 in the distributed lag model is again negated by the addition of the correlated compression terms (pressure
and |B|) to the internal effects model. Chorus shows an inﬂuence over a broader time period than ULF Pc5
waves, acting over both lag 0 and 1 except at the highest energy. At the lower relativistic energies, accelera-
tion by cyclotron resonance of electrons with chorus appears to act over a longer period of time than the
acceleration mechanisms driven by ULF Pc5 waves.
With effects at about the same order of magnitude as ULF Pc5 waves, VLF chorus waves act over lag 0 and 1 in
the lower ﬂux energy ranges, but the lag 0 effect drops off in the highest energies. This may be the signature
of chorus accelerating electrons to lower energies (0.7–3.5 MeV) quickly, but electrons may only be brought
to the highest energy levels if there are midrange electrons available for acceleration. Alternatively, it may be
that same day chorus precipitates electrons at the highest energies, as well as accelerating them, with the net
effect coming close to zero (Bortnik et al., 2006; Bortnik & Thorne, 2007; Hikishima et al., 2010; M. M. Lam et al.,
2010; Lorentzen et al., 2001; Millan & Thorne, 2007; Orlova & Shprits, 2010).
Superposed epoch analyses using ground data or proxies have suggested an association between ground
VLF waves and high energy electron ﬂux (W. Li et al., 2015; MacDonald et al., 2008; Smith et al., 2004), but
our previous multiple regression analysis of various factors found only a weak correlation between ground
VLF with high-energy electron ﬂux (Simms et al., 2015, 2016). In part, this was due to the attenuation of wave
activity reaching the ground in the summer months due to solar irradiation of the ionosphere (Smith et al.,
2010). Limiting the ground VLF data to the dawn period improved the correlation somewhat, probably
because VLF chorus (a ﬂux enhancer) is more prevalent in the morning and hiss (an electron precipitator)
more common in the afternoon and dusk (Simms et al., 2015), but Halley ground VLF did not have as a strong
an inﬂuence as the ULF Pc5 index. Our present multiple regression analysis uses VLF data from the DEMETER
satellite instead of ground data from Halley. Using this more robust measure of wave activity, and while hold-
ing other factors constant, we have found a stronger correlation with ﬂux than previously. While our previous
work did not support the contention that VLF chorus was as inﬂuential on ﬂux as ULF Pc5, the current study
shows they have effects of similar magnitude.
Chorus is thought to be generated in two regions by two different processes: (1) within 15° of the magnetic
equator due to electron injection from substorms near midnight (Meredith et al., 2001) and (2) at higher lati-
tudes due to wave generation in the horns of the magnetosphere (Tsurutani & Smith, 1977). In the present
study, we use DEMETER chorus activity from L4, which is generally above ±40° latitude. This is beyond the
±15° latitude range where equatorially generated chorus is produced. These waves do propagate to higher
latitudes (Horne & Thorne, 2003), particularly on the dayside (Bunch et al., 2011; Meredith, Horne, et al.,
2003; W. Li et al., 2009), albeit with some attenuation (Bortnik et al., 2007). While our data may be partially
incorporating equatorially generated chorus propagated to higher latitudes, it will also contain any chorus
generated at that location. It is therefore impossible to tell howmuch of the chorus effect in our model is from
chorus generated at the equator and how much from the higher latitudes. This has implications not only for
the degree of chorus inﬂuence on electron enhancement, as chorus from these two regions may impact
enhancement differently, but also for the inﬂuence of indirect substorm driving. Chorus generated at higher
latitudes is not thought to be as substorm dependent; however, this thinking is based on the use of the AE
index to measure substorm activity (Tsurutani & Smith, 1977). More recent studies have questioned the relia-
bility of AE as a measure of substorm activity (Newell & Gjerloev, 2011). The use of newer measures such as
the SuperMAG SME or SME-D indices (Gjerloev, 2012) may provide more evidence of higher-latitude chorus
dependence on substorms. However, in our model, for the purpose of predicting the level of electron
enhancement due to chorus, measurements at high latitude may sufﬁciently represent equatorial chorus.
According to Bortnik et al. (2007), propagation to higher latitudes may be L dependent, but as we limit chorus
to a single L-shell, this would not introduce bias. Dayside chorus propagates further than nightside, so limit-
ing our averages to this period increases the amount of chorus activity we pick up. Higher frequencies
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(>0.5 fce) do not propagate beyond 15°, but lower frequencies within our averaging range propagate up to
at least 56°. This gives us a reasonable chance of picking up at least some of the signature of equatorial
chorus. If we observe this chorus signature without bias due to L, magnetic local time (MLT), or frequency,
then its weakness relative to other signals (such as ULF Pc5) will not, in theory, affect the ability of regression
to compare chorus inﬂuences with other parameters.
There is some debate about whether VLF chorus is necessary for ﬂux enhancement. A model using ULF Pc5
wave diffusion to model ﬂux, excluding VLF chorus, showed good agreement with observations (Ozeke et al.,
2017), leading to the conclusion that if ULF Pc5 waves alone can adequately explain ﬂux levels then VLF
waves do not contribute. However, there is a competing hypothesis that chorus is the primary driver after
a depletion event (Jaynes et al., 2015). However, distributed lag models (Figures 2 and 3) show slightly more
inﬂuence of ULF Pc5 than chorus at lag 1. Both waves play a role with roughly equal inﬂuence. Although there
may be events where one or the other dominates as the primary cause, in general, the two effects combine to
enhance ﬂux. In fact, their combined action may not just be additive but synergistic, with the level of one
variable inﬂuencing the effects of other variables. This is explored further in a companion paper that focuses
on nonlinear effects of these factors (Simms et al., 2018).
4.1.2. Seed Electrons
An available population of seed electrons for acceleration into higher energies was an important parameter
at the lowest energies studied, but this effect fell off at the highest energies. This accords with the lower seed
relativistic ﬂux correlations at higher energies found in Van Allen Probes data (Tang et al., 2017). In our results,
the lag 0 inﬂuence fell off faster than the lag 1 over all energy channels. Electrons are accelerated quickly into
the lowest energy ranges, then subsequently accelerated to the next highest energy with each channel draw-
ing its new population from the channels just below. This process takes several days for the highest-energy
channels and no inﬂuence of the seed population can be seen at the highest energy channel within the 2-day
window. There is no mechanism that takes seed electrons directly to the highest-energy level in this short
period of time. This accords with correlations found between Van Allen Probes electron measurements
and solar wind parameters (Zhao et al., 2017).
4.1.3. Losses Due to EMIC Waves
EMIC waves have been predicted to have a stronger inﬂuence in precipitating electrons >2 MeV than
those at lower energies due to their matching resonant energy (Bortnik et al., 2006), although it has been
suggested that cold dense plasma on the duskside may lower the minimum required energy (Blum et al.,
2015; Jordanova et al., 2008). Ukhorskiy et al. (2010) also argue that if the predicted effective frequency
range is not restricted to the single-wave harmonic at the peak of the power spectral density, EMIC-
induced electron scattering could occur down to energies as low as 400 keV within seconds. Hendry et al.
(2017) found a majority of EMIC-driven ﬂux precipitation events do occur below 1 MeV. However, both our
single variable distributed lag model and the combined model of internal effects show a greater than
threefold increase in precipitation due to lag 1 EMIC waves at the highest energy compared to the effect
on 0.7- to 1.8-MeV electrons. Thus, although precipitation due to EMIC waves may act at the lower ener-
gies, it is more effective at the higher energies. The lack of correlation of ﬂux with lag 0 EMIC waves
suggests that the timescale could be up to a day, not over a matter of seconds as has been predicted.
However, as we only use daily averages of ﬂux, it is difﬁcult to determine if this is actually the case.
EMIC effects on loss are modest compared to the enhancement effects of VLF chorus and ULF Pc5 waves.
In one storm, it was found that EMIC waves only lasted for several hours while chorus waves were present
for a full 24-hr period. This difference could have accounted for the stronger enhancement effects of
chorus over the loss due to EMIC waves in that storm period (Turner et al., 2014) and could explain the
greater inﬂuence of both chorus and ULF Pc5 in general if EMIC waves tend to be shorter lived. It is
possible that the underestimation of EMIC wave occurrence by ground stations (Keika et al., 2013; Saikin
et al., 2015) might make comparisons of satellite observed chorus effects to ground EMIC inﬂuence difﬁ-
cult (Engebretson et al., 2008). As we are comparing daily averaged chorus (and ULF Pc5) waves to all-day
occurrence rates of EMIC waves this problem is less severe. Although this may mean that our estimate of
EMIC effectiveness is low, it will still have the correct sign.
It should be noted that correlations of EMIC waves with ﬂux show a positive association when the AR term is
not present in the model. We suspect this is a consequence of EMIC waves being correlated with other
processes that enhance ﬂux. Thus, the negative effects of EMIC waves are only seen in correlation analysis
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when other factors are accounted for. In particular, we see the negative EMIC inﬂuence uncovered even when
the only other factor added is the previous day’s ﬂux in the single-factor distributed lag models.
4.2. Adiabatic and Compression Effects
The wave effects described above are nonadiabatic enhancement and loss processes. We have also included
measures of adiabatic processes in our models: solar wind pressure, magnitude of B, and Dst. Even if we were
not interested in the effects of adiabatic processes, it would be important to include them as covariate factors
in the analysis of wave effects.
Solar wind pressure, |B|, and the ring current inﬂuences are related to changes in compression and magnetic
activity. These factors are also highly correlated with the level of magnetospheric activity, which in turn may
lead to increased wave activity. Not including these factors could lead to confusion about which process is
driving enhancement and loss. Their inclusion also allows an assessment of the relative inﬂuence of adiabatic
versus nonadiabatic effects (i.e., temporary versus permanent, long-lived effects).
Solar wind pressure and |B| at lag 0 show a strong negative inﬂuence in the single-predictor models, as well as
in the internal effects model. The simultaneous net effect, during periods of higher solar activity when these
factors are high, is that electrons are rapidly depleted at geosynchronous orbit by the arrival of a pressure
pulse, while the increased ring current (reduced magnetic ﬁeld) allows particles to drift outwards and thus,
adiabatically, lose energy (Kim & Chan, 1997). While |B| has been predicted to increase ﬂux due to induced
electric ﬁelds (Foster et al., 2015), at lag 0, the effect of |B| is negative and likely due to an association with
compression, similar to the negative pressure effect. The negative correlation of N with ﬂux is also unex-
pected, although it may also be an indication that number density is strongly associated with compression.
Dst, which measures the ring current and the tendency of electrons to drift outward and lose energy adiaba-
tically, shows a similar lag 0 effect inmodels where variables are combined. It appears as a positive correlation
because stronger Dst is more negative. This is likely due to the high correlation of Dst with positive drivers of
ﬂux such as VLF chorus and ULF Pc5 waves. The Dst effect, in which ﬂux is reduced when lower magnetic ﬁeld
strength allows particles to move outward and adiabatically lose energy (Kim & Chan, 1997; X. Li et al., 1997;
Onsager et al., 2002), is seen in the internal effects model correlations at lag 0 and 2 in the three lower
energies. The lower ﬂux is a positive correlation because more negative (stronger) Dst leads to lower ﬂux.
However, in the full model (both internal and external effects combined) a Dst effect at lag 1 is only signiﬁcant
for the midrange energies. The rest of the signiﬁcant effects of Dst appear to be explained by its upstream
association with wave activity.
Substorms are thought to be associated with moving the trapping boundary inward and thus reducing ﬂux at
geosynchronous orbit (X. Li et al., 1997). Although we found negative correlations between substorms and
ﬂux at lag 0 (the same day) in the single-variable model, these may be related to the correlated compression
effects. Signiﬁcant negative correlations in the multivariable external effects models only occurred at lag 2.
This was 2 days later than ﬂux reductions associated with compression due to pressure or |B|. The negative
effect of the movement of the boundary may be comparatively weak, or delayed, or the effect of substorms
on increasing the direct drivers of ﬂux (e.g., VLF chorus and ULF Pc5 waves) outweighs the reductions caused
by changes in the trapping boundary. More signiﬁcant to the question of wave effects, additions of pressure,
|B|, and Dst to the internal effects model result in a reversal of the apparent negative correlation of both ULF
Pc5 and VLF chorus. While both these wave types showed a negative lag 0 correlation with ﬂux in the single-
variable distributed lagmodels, they show a positive effect in themodel incorporating pressure pulses, B ﬁeld
magnitude increases, and Dst effects. Pressure and increased magnetic ﬁeld not only compress the radiation
belts, they also mark the increased geomagnetic activity that drives ULF Pc5 and chorus waves. A compres-
sion event and/or an increase in ring current are likely to be accompanied by increased wave activity. This
correlation of factors (compression, strong Dst, and wave activity) gives the appearance of a negative effect
of these waves if compression and Dst are not included in the model as covariates. By adding compression
and Dst covariates, the positive inﬂuence of ULF Pc5 and chorus activity is unmasked. The negative correla-
tion of these waves with ﬂux seen in the single-variable models is only an artifact of not accounting for the
large adiabatic and temporary loss due to compression.
Compression of the magnetopause may also produce magnetopause shadowing, where trapped particles
cross the magnetopause and are permanently lost (Herrera et al., 2016; Onsager et al., 2002; Yu et al., 2013;
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Xiang et al., 2007). Losses due to magnetopause shadowing may be considerable and higher than enhance-
ment due to wave acceleration in some storms (Turner et al., 2014). However, it is possible that compression
might also result in temporary reduction in electron ﬂux at geosynchronous satellites if the satellites are left
outside the magnetosphere during a compression event (Dmitriev et al., 2014). In our statistical analyses, we
cannot tell whether losses associated with pressure are permanent, and therefore, due to the accepted
magnetopause shadowing effect, or temporary due to the radiation belts dipping below the altitude of
the satellites.
Magnetic shock events (increased |B|) can also produce electric ﬁelds that accelerate electrons (Foster et al.,
2015). In our analyses (external effects model), this enhancement occurs at lag 1, with more inﬂuence in the
lower energy channels. Previous observations of enhancement by electric ﬁelds showed a prompt response
(<20 min) (Foster et al., 2015). However, in our statistical study, these rapid enhancement effects are oversha-
dowed by the negative effects of magnetosphere compression at lag 0.
4.3. Drivers of Wave Activity and the Seed Electron Population
We have already noted how some factors may show a correlation with ﬂux merely because they are asso-
ciated with the higher wave activity, which drives ﬂux during periods of general high geomagnetic activity.
However, some factors are thought to speciﬁcally drive ﬂux-enhancing wave activity or produce the seed
electrons that are accelerated to higher energies. These indirect drivers of ﬂux include substorms, source
electrons, southward Bz, and solar wind velocity and number density. In Figure 4 we deﬁne these as external
effects, although the deﬁnition of internal and external is not strict. While pressure and |B| may act directly on
measured ﬂux via compression of the radiation belts inside the satellite orbits, and Bz may be associated with
magnetopause shadowing, Bz, V, and number density are thought to affect ﬂux indirectly by increasing the
wave activity that drives ﬂux acceleration and loss. This indirect inﬂuence is thought to be mediated by
substorms and source electrons. Of these two presumed intermediate processes, substorms showmore posi-
tive inﬂuence than source electron ﬂux.
We have found that if the Bz is southward during a higher percentage of hours (in 24 hr), there can be a
moderate increase in ﬂux. At lag 1, this is only seen at the highest ﬂux energy. However, a negative inﬂu-
ence is seen in other studies (Ni et al., 2016; Yuan & Zong, 2013), possibly because they include only
disturbed periods during storms or strong pressure pulses, or because only strong dropout events are
included in the analysis (Boynton et al., 2016). During dropout events, southward Bz results in injection
of ions that are presumed to increase EMIC wave activity, which subsequently leads to further high-energy
electron ﬂux decreases (Gao et al., 2015). In this scenario, southward Bz acts only in an indirect manner, via
increased EMIC wave activity. However, our results suggest that a southward Bz may also result in
enhancement. Enhancement could also occur indirectly, via injection of source energy electrons
(<100 keV), which lead to increased VLF chorus wave activity, which drives high-energy electron ﬂuxes
(Jaynes et al., 2015). In addition, periods of southward Bz bring an inﬂux of seed electrons (hundreds of
keV) to geosynchronous orbit, which would also lead to increased high energy electron ﬂux (Kress
et al., 2014).
High-speed solar wind is thought to drive ULF Pc5 waves through the Kelvin-Helmholtz instability (Rae et al.,
2005). As a consequence, solar wind velocity should correlate well with electrons that have been enhanced
by ULF Pc5 activity which is itself ultimately driven by solar wind velocity (Kavosi & Raeder, 2015). Not only
that, but including these waves in the regression model (the full model) should cause the V inﬂuence to drop
out if its entire inﬂuence is mediated through the ULF Pc5 waves. For the lower three energies, this is true.
However, velocity shows a strong correlation with ﬂux at the highest energy level even when ULF Pc5 is
accounted for in the full model (Figure 5). This suggests either that velocity directly drives high-energy elec-
tron ﬂux enhancement through undetermined processes, or, more likely, that it is responsible for driving
another ﬂux-enhancing wave that acts most strongly on the highest energy electrons—a wave type that
we have not included in our model.
Previous cross-correlational studies have found the highest correlation between solar wind velocity and ﬂux
at lag 2 (Paulikas & Blake, 1979; Sakaguchi et al., 2015; Zhao et al., 2017); however, our distributed lag models
(where several lags of V are entered simultaneously) show that the correlation with velocity is highest at lag 1.
The high correlation seen at lag 2 in previous cross correlation analyses is inﬂated by the high correlation
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between lags. Our result shows that velocity acts more quickly. By lag 2, in fact, the velocity effect is
actually negative.
At lag 1, we attempted to add several coupling functions to the models: pressure, VBs, and Ey. However, as
all three are derived from multiplying V with either N or Bz (or Bz < 0), each of these coupling functions is
highly correlated with the main effects of V, N, or Bz already present. The multicollinearity in such a model
(as measured by the VIF) was high enough that the resulting model would likely not be a good predictor
using novel data. Their addition did not appreciably raise the ability of the model to explain variation in
the existing data (as measured by R2), and substituting the coupling functions for the main effects of V, N,
and Bz resulted in models with lower R2. Due to the multicollinearity issues, we do not feel adding the lag
1 multiplicative terms would result in a stable model for predictive purposes and use only the lag 0 of
pressure in the full model, which produced less multicollinearity with the lag 1 V and N terms. However, these
coupling functions could describe a multiplicative (synergistic) action, while the addition of the main effects
individually describes only the additive relationship. Although incorporating both multiplicative and additive
terms in a single model may result in multicollinearity (and possibly a less stable model), the simultaneous
testing of them can provide information about their joint action. For this reason, we explore themultiplicative
relationship further for pressure in our companion paper (Simms et al., 2018).
Substorms are thought to play several roles in controlling ﬂux levels: providing source electrons (several to
100 keV) whose anisotropies drive ﬂux-enhancing VLF chorus waves, injecting seed electrons (several
hundreds of kiloelectron volts) that are accelerated to relativistic energies, and creating localized magnetic
ﬁeld line stretching which can lead to electron dropouts. Our analyses report mostly positive correlations
of ﬂux with substorms. The negative correlation at lag 0 of the distributed lag (single predictor) model could
be solely due to correlation with the strong effects of pressure and Bmagnitude much as the V, ULF Pc5, and
VLF chorus are.
Previous work has found the peak enhancement of ﬂux by substorms (as measured by AL) to occur at lag 1,
with still signiﬁcant enhancement at lag 2 (Zhao et al., 2017). We see this same pattern in our simple correla-
tions, but multiple regression including other solar wind parameters (external effects model) shows a strong
lag 0 effect at lower energies, transitioning to a stronger positive lag 2 effect only at the higher energies.
Substorms represent a number of processes and are themselves driven by solar wind velocity, pressure,
and Bz. Including several of these other variables in the analysis should reduce the substorm effect, or at least
change its time of action. For example, the inclusion of substorm-driven source electrons could be expected
to cause the substorm effect to drop out entirely, if the injection of source electrons was a substorm’s only
contribution to ﬂux enhancement. However, not only is there still a positive substorm correlation when seed
and source electrons are accounted for in the analysis, at the highest energy levels this correlation is as large
or larger than any other effect. This suggests either that processes associated with substorms that we have
not included also drive acceleration or that substorms inject high-energy electrons along with the seed
and source electrons. Other studies have shown injection of MeV electrons by dipolarization during
substorms at geosynchronous orbit or just below (Dai et al., 2014, 2015; Ingraham et al., 2001; Tang et al.,
2016). Our regression model, comparing enhancement effects, shows that substorm injections of MeV elec-
trons are at least as important as wave acceleration in the higher-energy channels.
Source electrons with energies in the tens of kiloelectron volts (31.7 keV in our models) have been observed
driving VLF chorus waves which then act to accelerate seed electrons (Baker et al., 2014; Foster et al., 2015;
Reeves et al., 2013). As expected, seed electrons (270 keV in our models) show positive correlations with
high-electron energy ﬂux, at least at the lower-energy channels. As noted above, the falloff in correlation
at the highest-energy levels may be a consequence of seed electrons not being accelerated directly to these
highest energies. This is also consistent with the ﬁrst enhancements appearing in the 10- to 100-keV electron
population, followed by later enhancements of the higher energy electron populations (Boyd et al., 2014,
2016). Source electrons (31.7 keV), however, tend to show negative or no correlation at lags 0 and 1 in the
multivariable models, despite their strong correlations with ﬂux seen in the simple correlations of Figure 2.
The loss of source electron inﬂuence in the multivariable models suggests that they only drive ﬂux indirectly.
Presumably, this is through their driving of VLF chorus waves, which subsequently drive ﬂux. Once VLF chorus
is added to the model, the source electron correlation with ﬂux is already explained and the source electron
effect drops out.
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4.4. Complexity of the System
The complexity of the system is demonstrated by the intricate balance of changing effects as different
variables are added to the models. Most notably, the strong effect of ULF Pc5 seen in the internal effects
model at high energy (Figure 3) drops out in the full regression (Figure 5). This is most likely due to the addi-
tion of V or substorms, which show a strong inﬂuence on the highest energy channel. The ULF Pc5 correlation
with ﬂux in the internal effects model is most likely due to the hidden correlation of ULF Pc5 with these inﬂu-
ential factors. In a similar fashion, the drop in source electron ﬂux inﬂuence is likely due to the addition of VLF
chorus waves to the full model. In this case, we can draw the conclusion that source electrons are no longer
inﬂuential on high-energy electron ﬂux when the chorus waves that they drive (which subsequently acceler-
ate electrons to high energies) are also included in the analysis.
5. Summary
1. Multiple regression allows a direct comparison of inﬂuences on relativistic electrons at geosynchronous
orbit, while accounting for the effects of other variables. With this technique we are able to determine
which factors are the strongest inﬂuences, and which only appear inﬂuential due to their correlation
with the driving parameters. This potentially provides more information than would be obtained from
a neural network analysis. As all parameters are tested simultaneously, their relative inﬂuences within
the model can be directly compared via the standardized regression coefﬁcients. We introduce an
AR term (ﬂux on the previous day) to improve robustness of statistical tests. This has the added beneﬁt
of testing inﬂuences of parameters without the confounding inﬂuence of ﬂux persistence. In addition
to this, distributed lag models allow the testing of each predictor lag, while accounting for the inﬂu-
ence of the same predictor at other lags. This allows us to determine at which lag physical effects of
these predictors are acting and is thus an improvement over time-integrated correlations that combine
several lags together.
2. We analyze internal effects (waves, seed electrons, and compression) separately from external effects
(solar wind inﬂuences and substorms), to determine relative inﬂuences of direct drivers without confusing
inﬂuences between these sets. Much of the variation in high-energy electron ﬂux can be explained by the
internal drivers without the inclusion of external drivers in the model. A ﬁnal combined analysis of internal
and external effects conﬁrms this, with internal drivers showing more consistently statistically signiﬁcant
inﬂuence than the solar wind external drivers. Substorms and velocity, however, show inﬂuence at the
highest energy electrons even when wave inﬂuences are accounted for. This suggests either another
unaccounted process driven by them (likely in the case of V) or that they are directly responsible for
enhancements (by direct injection as may be the case with substorms). These combined AR analyses
result in predictive models that explain 81.7–90.5% of the variation in the data (r = 0.904–0.951).
3. ULF Pc5 and VLF chorus waves have approximately the same magnitude of inﬂuence on log10 relativistic
electron ﬂux at the two lower energy channels (0.7–3.5 MeV). At higher ﬂux energies, the chorus inﬂuence
remains strong while the ULF Pc5 inﬂuence drops off. Loss due to EMIC waves is less inﬂuential, and only
signiﬁcant at the higher ﬂux energies.
4. Injection of high-energy electrons by substorms is at least as important as acceleration by wave action at
some energies. At the highest ﬂux energies it dominates over wave inﬂuences.
5. The Dst effect—a decrease in ﬂux seen during the main phase of storms—is not generally a signiﬁcant
effect when pressure and |B| are included in the model.
6. A distributed lagmodel allows a comparison of a variable’s effect at different times. Although simple cross
correlation suggests that parameters have an appreciable inﬂuence up to 5 days later, the distributed lag
models show that this is limited to 0–2 days.
7. Accounting for compression that results in magnetopause shadowing removes the negative correlation
seen in most variables in the distributed lag models at day 0. The compression effects accounted for by
solar wind pressure and |B| are strong and consistent over the four energy channels.
8. Although previous studies have found strong ﬂux enhancement related to more southward Bz, we have
found that the magnitude of this inﬂuence is less than that seen from ULF Pc5 and VLF chorus waves, solar
wind velocity, presence of seed electrons, or substorms. Although southward Bz shows some indepen-
dent inﬂuence, its strong effects seen in other studies are likely because it is a marker for these other
processes, rather than that it is a major inﬂuence itself.
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9. Simple coupling functions such as Ey or VBs do not provide more predictive information (as measured
by R2) about solar wind inﬂuences than multiple regression incorporating the measured parameters (V
and Bz) as separate main effects.
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